Introduction
The sedimentary record preserved in forearc basins can provide remarkable insight into convergent margin processes, including arc magmatism and exhumation (e.g. Dickinson and Seeley 1979; Dickinson 1995; DeGraaffSurpless et al. 2002; Barth et al. 2013; Sharman et al. in press) . The Great Valley Group (GVG) of California is a well-studied ancient forearc system with accessible exposure of mudrock, sandstone, and conglomerate that preserve a record of Farallon-North American plate convergence throughout the Cretaceous period (e.g. Cowan and Bruhn 1992; Dickinson 2004; Ernst et al. 2008) . Numerous studies focusing variously on sandstone composition and petrofacies (e.g. Ojakangas 1968; Dickinson and Rich 1972; Mansfield 1979; Ingersoll 1983) , conglomerate clast compositions (e.g. Rose and Colburn 1963; Bertucci 1983; Seiders 1983) , detrital zircon age distributions (e.g. DeGraaff- Surpless et al. 2002; Surpless et al. 2006; Wright and Wyld 2007; Cassel et al. 2012) , palaeocurrent analysis (e.g. Ojakangas 1968; Ingersoll 1979; Suchecki 1984 ), palaeobathymetry (e.g. Ingersoll 1979 Haggart 1986; Williams 1997) , and seismic stratigraphy and stratigraphic architecture (e.g. Moxon 1990; Williams 1997; Constenius et al. 2000; Mitchell et al. 2010; Williams and Graham 2013) , together with the well-studied and dated sediment sources within the Klamath-Sierran magmatic arc and related terranes (e.g. Chen and Moore 1982; Bateman 1983; Hacker et al. 1995; Soreghan and Gehrels 2000; Irwin and Wooden 2001; and references therein; Grove et al. 2008) , have provided a detailed view of arc-forearc development through the Cretaceous and into Cenozoic time.
Modern exposures of mid-and shallow-crustal rocks in the Klamath-Sierran arc (e.g. Ague and Brimhall 1988) mean that much of the Early Cretaceous history of this magmatic arc has been eroded or obliterated by younger magmatism and metamorphism. Reconstructing the early history of the Cretaceous arc thus requires interpreting the preserved sedimentary record in the forearc basin. However, this early forearc history remains the most elusive to reconstruct because much of the sedimentary strata deposited during this period is mudrock, and thus not amenable to petrofacies or detrital zircon analysis. Moreover, mudrock crops out poorly, and is typically exposed only along road cuts or where protected by ridge-forming sandstone or conglomerate units. As a result, provenance studies tend to focus on coarser components of the sedimentary record, even though the fine-grained strata comprise a significant proportion of basin fill (e.g. Williams and Graham 2013) .
Geochemistry of GVG strata, integrated with previous provenance studies, aids in reconstructing the Cretaceous record of the arc-forearc system in California. Mudrock tends to provide a more homogenized provenance signal than the coarser sedimentary fractions (e.g. McLennan et al. 1993; Mahoney 2005) , and therefore records largescale provenance shifts rather than more localized variation in provenance signals. Further, mudrock may better represent the more mafic minerals and volcanic clasts of the provenance record than either sandstone or conglomerate (e.g. McLennan et al. 1993) . Combined with sandstone petrofacies, conglomerate clast compositions, and detrital zircon ages, geochemistry documents the development of the Great Valley forearc basin. Results presented here suggest that GVG sedimentary sources were primarily within the western margin of the developing magmatic arc prior to Late Cretaceous time, and drainage systems may not have traversed the arc from the continental interior until breaching it in latest Cretaceous and Palaeogene time. A significant provenance shift in the southern GVG strata probably documents rapid uplift and erosion of the southern Sierran batholith in Late Cretaceous time. Haggart and Ward 1984; Haggart 1986 ). The forearc strata are underlain by the Great Valley Ophiolite, Klamath basement, and Sierran basement terranes (Harwood and Helley 1987; Godfrey et al. 1997; Hosford Scheirer and Magoon 2007) and covered by Cenozoic sedimentary and volcanic rocks. The GVG unconformably rests on eastern Klamath terranes to the north, Sierran arc and associated foothill terranes to the east, and is in fault contact with the Franciscan accretionary complex to the west (Ingersoll 1979; Irwin 1981) . The southern San Joaquin section is further disrupted by Cenozoic faulting related to San Andreas fault motion and tectonic restructuring of the southern California margin (e.g. Dickinson 1983 Dickinson , 1996 ; displaced fragments of San Joaquin strata west of the San Andreas fault were not sampled in this study and are not shown in Figure 1 .
South-and west-directed Cretaceous palaeocurrent indicators, coupled with sequence stratigraphic studies, provide evidence for both axial (N-S) and transverse (E-W) sediment transport in the basin (Ingersoll 1979; Suchecki 1984; Moxon 1988 Moxon , 1990 Short and Ingersoll 1990; Williams 1997; Williams and Graham 2013) . In the northern GVG, sediment dispersal directions changed from primarily S-directed in the earliest Cretaceous to S-and W-directed in the middle and Late Cretaceous, suggesting a shift from primarily Klamath to Sierran sources (Ojakangas 1968; Ingersoll 1979; Short and Ingersoll 1990). Palaeocurrent indicators in the southern GVG are dominantly W-directed, indicating sediment derivation only from the east (Ingersoll 1979) . In contrast to Sacramento Valley samples, San Joaquin Valley samples east of the San Andreas fault system represent only the eastern part of the forearc basin, with more distal, axial facies truncated and displaced by San Andreas and related fault motion (Ingersoll 1978 (Ingersoll , 1979 .
Sandstone petrofacies
The stratigraphic framework for provenance analysis of the GVG is well established (e.g. Ojakangas 1968; Dickinson and Rich 1972; Ingersoll 1978 Ingersoll , 1979 Mansfield 1979; Graham 1981 Graham , 1983 Moxon 1990; Williams and Graham 2013) . Petrographic studies divide the GVG into eight major petrofacies based on the relative abundance of quartz, feldspar, phyllosilicates, and lithic grains in sandstone (Ojakangas 1968; Dickinson and Rich 1972; Ingersoll 1979 Ingersoll , 1981 Graham and Ingersoll 1981, 1983) . These petrofacies are grouped into 'super petrofacies' to document large-scale temporal (Lower and Upper GVG) and spatial (Sacramento Valley and San Joaquin Valley) changes in sandstone composition (Figure 2a ; Ingersoll 1983 Ingersoll (1983) . Provenance fields are from Dickinson and Suczek (1979) and Dickinson et al. (1983) ; Q, total quartz (including chert and polycrystalline quartz); F, total feldspar; L, total lithic grains (excluding chert and polycrystalline quartz); Qm, monocrystalline quartz; Lvm, volcanic and meta-volcanic lithic grains; Lsm, sedimentary and metasedimentary lithic grains; Lm, metamorphic lithic grains; Lv, volcanic lithic grains; Ls, sedimentary lithic grains. (b) Lm/Lv ratios for the Lower and Upper GVG in the Sacramento and San Joaquin basins; data are from Mansfield (1979) and Ingersoll (1983) . more feldspathic than lithic-rich Lower Cretaceous samples; lithic populations in Upper Cretaceous strata are volcanic and metamorphic-rich, but are dominated by polycrystalline quartz (mostly chert) and sedimentary and meta-sedimentary grains in Lower Cretaceous strata (Ingersoll 1983) . Spatial variation in sandstone composition within the GVG is less pronounced, with significant overlap between the Sacramento and San Joaquin Valley samples. The Sacramento Valley samples are more variable in sandstone composition, have slightly higher lithic content, and lithic populations include more volcanic grains and more chert; the San Joaquin samples contain very little chert or other sedimentary lithic grains (Ingersoll 1983) .
The ratio of metamorphic to volcanic lithic grains (Lm/Lv) in the GVG sandstone remains consistently low throughout the section in the Sacramento Valley, although the variability of this ratio is much greater in the Lower Cretaceous samples (0.7 ± 1.0) than in the Upper Cretaceous samples (0.4 ± 0.3; Figure 2b ). The very low Lm/Lv ratio in the Lower Cretaceous San Joaquin section (0.2 ± 0.1) contrasts dramatically with the Upper Cretaceous (1.6 ± 0.8), marking a distinct relative drop in volcanic lithic grains in the strata. Only the Upper Cretaceous San Joaquin section has an Lm/Lv ratio > 1.
Conglomerate composition
Conglomerate represents a small proportion of the GVG, particularly in Lower Cretaceous strata. Unlike mudrock, which likely represents homogenized third-order systems sourced by large areas, conglomerate tends to result from first-order systems sourced from a limited region (e.g. Ingersoll 1990; Doebbert et al. 2012) and not well mixed with sediment from other areas. As a result, conglomerate clast compositions can be quite variable (Figure 3 ). San Joaquin conglomerate typically includes more granite and diorite clasts (up to 47%) than Sacramento Valley conglomerate, which is richer in sedimentary and metasedimentary clasts (Figure 3 ; data from Rose and Colburn (1963) , Bertucci (1983) , and Seiders (1983) (Bertucci 1983) .
Detrital zircon ages
Extensive detrital zircon analyses of GVG sandstone document the evolution of the basin and its magmatic arc source region through Mesozoic time (e.g. DeGraaff- Surpless et al. 2002; Surpless et al. 2006; Wright and Wyld 2007; Cassel et al. 2012; ClemensKnott et al. 2013, and unpublished 
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Platina petrofacies Rose and Colburn (1963) , Bertucci (1983), and Seiders (1983) Cretaceous grains that are typical of the Sacramento Valley section and also occur in the Upper Cretaceous San Joaquin section. Within the Sacramento Valley, 22% of zircon grains in the Lower Cretaceous section and 8% in the Upper Cretaceous section are Precambrian. Lower Cretaceous Sacramento Valley strata include more Grenville-age zircon (1200-1000 Ma), whereas the Upper Cretaceous strata include more grains >1800 Ma ( Figure 6 ). An even more dramatic decrease in the percentage of Precambrian grains occurs in the San Joaquin Valley, from 25% of the Lower Cretaceous section to only 4% of the Upper Cretaceous section, but similar Precambrian ages occur throughout the San Joaquin section ( Figure 6 ). Palaeozoic detrital zircon grains occur in all sections, but do not form robust age peaks (>3 grains form a peak) and are not considered further here.
Because not all rocks in a tectonically active source region yield significant detrital zircon, zircon age signatures cannot provide a complete picture of a source area. Detrital zircon is typically derived from felsic to intermediate sources (Poldervaart 1956; Watson and Harrison 1983) , and rarely occurs in samples lacking detrital quartz (Gehrels et al. 2006) . Thus, prevalent sources of detrital zircon in the GVG are the felsic plutonic arc rocks and supracrustal metamorphic components of the country rock and adjacent terranes, with minor input from intermediate volcanic cover rocks and more mafic components. Moreover, zircon is most abundant in medium-to coarse-grained sandstone, effectively eliminating from age analysis the finer-grained sediment that comprises a significant part of the GVG.
Whole-rock major-and trace element geochemistry results
Geochemical analysis can help characterize provenance composition and delimit the effects of weathering and sedimentary sorting (e.g. McLennan 1989; McLennan et al. 1993) , providing a useful complement to petrographic information and detrital zircon age signatures. Sedimentary geochemistry also permits identification of minor minerals not readily apparent in petrographic analysis, and can better characterize mafic components (McLennan et al. 1993; Fralick 2003) . Mudstone, siltstone, and sandstone samples from the Sacramento Valley were analysed by XRF at the University of Wisconsin-Eau Claire; San Joaquin Valley samples were analysed by ICP-MS and XRF at Washington State University, following the procedures of Knaack et al. (1994) and Johnson et al. (1999; data presented in Tables 1 and 2 ).
Major-element geochemistry
Because major elements are susceptible to post-depositional mobility resulting from chemical weathering and diagenesis, the degree of weathering can be estimated using the chemical index of alteration (CIA; Nesbitt and Young 1982) . The CIA is a ratio of the mole proportions of Al 2 O 3 over the sum of Al 2 O 3 , K 2 O, Na 2 O, and CaO*, where CaO* is calculated by correcting for apatite using values of P 2 O 5 , following the method of McLennan et al. (1993) . The ratio is multiplied by 100, such that fresh igneous and metamorphic rocks have CIA values of about 50, shale has CIA values of 70-75, and pure aluminosilicate weathering products, such as kaolinite, have a CIA value of 100 (Taylor and McLennan 1985; McLennan et al. 1993) . The index of compositional variability (ICV) is the ratio of the mole proportions of the sum of CaO, K 2 O, Na 2 O, Fe 2 O 3 , MgO, MnO, and TiO 2 over Al 2 O 3 ; it provides a measure of the source rock type (Cox et al. 1995; Potter et al. 2005) . Rocks rich in non-clay silicate minerals or unweathered rocks have high ICV values, and (Cox et al. 1995; Potter et al. 2005; LaMaskin et al. 2008) . CIA values for all GVG samples are similar, but samples from the Sacramento Valley (mean ICV of 1.5 ± 0.2) plot above the weathering trend of fresh basalt (Figure 7a ) and are distinctly more immature than samples from the San Joaquin Valley (mean ICV of 1.0 ± 0.2). The more immature ICV values for Sacramento Valley samples suggest a high proportion of nonclay silicates and/or abundant montmorillinite and sericite clay minerals, which is typical of tectonically active settings receiving first-cycle detritus (Cox et al. 1995) . Within the San Joaquin samples, the most mature ICV values occur in the Upper Cretaceous samples (mean ICV of 0.9 ± 0.1), with the Lower Cretaceous San Joaquin samples (mean ICV of 1.2 ± 0.2) plotting closer to the Sacramento Valley samples (Figure 7a ). The more mature ICV record from the San Joaquin Valley suggests the presence of more kaolinite group clays and fewer non-clay silicates, which is typical of sedimentary recycling (Cox et al. 1995) . The weathering trends for all San Joaquin samples indicate original source rock composition between basalt and andesite. Although post-depositional mobility limits the use of major elements for provenance determination (ArmstrongAltrin and Verma 2005), Ti and Al are considered immobile up to greenschist-grade metamorphic conditions (MacLean 1990; Jenner 1996) . Thus, mafic versus felsic sources may be distinguished on plots of wt% TiO 2 and Al 2 O 3 /SiO 2 versus FeO* + MgO (Bhatia and Crook 1986; Ryan and Williams 2007; LaMaskin et al. 2008) . Again, the Sacramento and San Joaquin samples plot in two distinct fields, with Sacramento samples showing a consistently more mafic, juvenile provenance signature than San Joaquin samples in both plots (Figure 7b ). Overlap among samples within each of these fields precludes further subdivision based on age or location. Taylor and McLennan (1985) ), with a spread towards granodiorite (Figure 8a ; values from Taylor and McLennan (1985) ). In contrast, San Joaquin Valley samples plot in two distinct fields: Lower Cretaceous samples plot close to andesite values, but extend towards MORB (value from Sun and McDonough (1989) ) along a vertical trend indicative of magmatic differentiation; Upper Cretaceous samples plot close to granodiorite, along a trend suggestive of increased sedimentary recycling (Figure 8a) .
Trace element geochemistry
A ternary plot of incompatible elements La and Th and compatible element Sc is also a good discriminator of juvenile and evolved crust (Bhatia and Crook 1986; McLennan et al. 1990 McLennan et al. , 1993 . GVG samples have diverse compositions overall, but only the Upper Cretaceous San Joaquin samples plot near the North American Shale Composite (NASC; values from Gromet et al. (1984) ) and Upper Continental Crust (Figure 8b ). All Sacramento Valley samples plot near continental arc values, with scatter trending towards MORB; only Lower Cretaceous San Joaquin samples plot close to MORB values (Figure 8b) .
Where Cr and Ni concentrations are anomalously high, a Cr/Ni ratio between 1.2 and 1.6 suggests an ultramafic source (Garver and Royce 1993; Garver et al. 1994 (1990) ; values for andesite and upper crust granodiorite from Taylor and McLennan (1985) , MORB value from Sun and McDonough (1989) . (b) Ternary plot of La-Th-Sc; values of potential source rocks are from Taylor and McLennan (1985) and McLennan et al. (1993) .
Valley are similar (3.5 ± 3.4 and 3.3 ± 1.7, respectively), although the greater spread within the Sacramento Valley results in the larger standard deviation around the mean. V, Ni, and Th*10 can be used as proxies for relative contributions of mafic, ultramafic, and felsic sources, respectively (Figure 9a ; Bracciali et al. 2007) . No GVG samples record dominantly ultramafic or felsic sources, but the San Joaquin samples again split into two distinct fields, with Lower Cretaceous samples plotting closest to the mafic pole (V), and Upper Cretaceous samples plotting closest to the felsic pole (Th*10). Platina samples plot between these end members and contain no evidence of ultramafic source contribution, whereas Lower Cretaceous Sacramento samples show the most ultramafic influence (Figure 9a) .
Increasing V and Sc concentrations suggest an increasing volcanic component in the sediment (Ryan and Williams 2007) Bertucci 1983; Ingersoll 1983; Short and Ingersoll 1990) . Precambrian detrital zircon in these Lower Cretaceous strata was probably recycled through quartz-rich meta-sedimentary units within the Klamath Mountains and/or the northern Sierran foothills terranes. For example, detrital zircon from the Duzel Phyllite and Moffett Creek Formation within the Yreka subterrane in the Klamath Mountains includes similar abundant Grenville-age zircon (950-1200 Ma), as well as peaks at 1400 and 1600-1700 Ma, considered characteristic of southern Laurentia basement rocks (Figure 10 ; Grove et al. 2008) . Early Cretaceous exhumation of Klamath terranes (Cashman and Elder 2002; Batt et al. 2010 ) may have followed proposed 140-136 Ma Pacificward offset of the Klamath Mountains (Ernst 2012) , and resulted in abundant Klamath-derived sediment shed southward into the Sacramento Valley during the Early Cretaceous.
Upper Cretaceous sandstone recorded more sediment contribution from the magmatic arc rocks that intruded the accreted terranes, and the more volcanic-and metamorphic-rich lithic compositions were probably derived from eroded roof pendants and the volcanic carapace of the arc (Ingersoll 1983) . Similarly, reduction in the percentage of Precambrian grains in Upper Cretaceous strata may reflect dilution of the Precambrian signal by the increasingly abundant zircon eroded from the zircon-rich magmatic arc. Furthermore, the shift in the Precambrian age signature from abundant Grenville-age zircon in Lower Cretaceous strata to a larger proportion of >1800 Ma zircon in Upper Cretaceous strata may reflect derivation of zircon from different meta-sedimentary terranes in the Sierran foothills (Figure 10 ), such as the Shoo Fly Complex (Harding et al. 2000) and overlap sequence (Spurlin et al. 2000) , rather than from Klamath Mountains sources. This shift to Sierran sources for the Upper Cretaceous GVG is consistent with a change from southto west-directed palaeocurrent indicators and may be related to Late Cretaceous subsidence of the eastern Klamath Mountains and deposition of the middle to Upper Cretaceous Hornbrook Formation on eastern Klamath terranes (Haggart 1986; Nilsen 1993; Surpless and Beverly 2013 Eastern Hayfork Terrane; n = 162 Scherer et al. (2010) G r e n v i l l e o r o g e n Y a v a p a i -M a t z a t z a l A n o r o g e n i c g r a n i t e s northwestern Laurentia
Yreka subterrane Schist of Skookum Gulch and Early Devonian Sediments; n = 447 Grove et al. (2008) Mariposa Formation; n = 99 Snow and Ernst ( (DeGraaff- Surpless et al. 2002; Sharman et al. in press ). These results suggest that sediment sources may have remained largely limited to western Sierran terranes until Maastrichtian time (DeGraaff-Surpless et al. 2002; Sharman et al. in press) , or that the volcanic carapace to the <100 Ma arc intrusions did not include abundant zircon (Sharman et al. in press ). Maastrichtian and younger GVG detrital zircon signatures are characterized by abundant mid-Cretaceous zircon and fewer Early Cretaceous and Jurassic grains, suggesting either that GVG drainage systems reached eastward into the <100 Ma arc rocks by latest Cretaceous time (DeGraaffSurpless et al. 2002; Sharman et al. in press) or that removal of the zircon-poor volcanic carapace finally exposed zircon-rich plutonic rocks of the <100 Ma arc. However, the mid-Cretaceous (ca. 98 Ma) detrital zircon peak also characterizes much of the Albian(?) and younger strata in the Ochoco basin of central Oregon (Kochelek 2009) , suggesting that N-directed axial drainage within the Sierran arc transported arc-derived sediment to regions north and northwest of the arc during much of the Late Cretaceous (Kochelek 2009; Surpless and Beverly 2013) . Because these Ochoco basin strata are also rich in volcanic lithic grains, both the <100 Ma volcanic carapace and its plutonic roots probably shed abundant zircon during the entire Late Cretaceous, but this central and eastern arc detritus was partitioned from the Sacramento basin to the west until eastward migration of westward-flowing drainage systems reached the arc axis during the latest Cretaceous. Abundant mid-Late Cretaceous zircon was then transported west into the GVG during Maastrichtian and Palaeocene time (DeGraaff-Surpless et al. 2002; Sharman et al. in press) , reflecting the high-standing topography of the Late Cretaceous Sierra Nevada arc (Cecil et al. 2010; Cassel et al. 2012; Sharman et al. in press) . Geochemical results from the Sacramento Valley complement the provenance record contained in the sandstone; these samples record a mafic geochemical signature, with immature compositions suggesting significant compositional variability in source rocks typical of first-cycle detritus and consistent with derivation from the accreted terranes of the Klamath Mountains and northern Sierran foothills terranes. Elevated V and Sc abundance in Sacramento Valley samples suggests significant volcanic input, consistent with the high volcanic lithic component in the sandstone, and any signal from ultramafic sources, if present, is minor compared with the more abundant mafic to intermediate compositions in source areas. Similarly, Linn et al.'s (1992) (Kistler and Peterman 1973; Linn et al. 1992) .
San Joaquin Valley provenance record
The San Joaquin basin provenance record shares many similarities with the Sacramento Valley provenance signal and is consistent with sediment sources in the southern Sierra Nevada (e.g. Dickinson and Rich 1972; Ingersoll 1979; Mansfield 1979) . Both basins are characterized by first-cycle arc-derived sandstone that shifted to more feldspathic compositions in Late Cretaceous time. However, the San Joaquin basin samples record greater exhumation and erosion of the volcanic carapace of the southern Sierra Nevada during the Early Cretaceous. Chert-rich sources in the Klamath Mountains and northern Sierran Foothills terranes apparently did not supply sediment to the San Joaquin basin. Instead, volcanic rocks of the western Sierran magmatic arc shed abundant sediment west into the San Joaquin basin during the Early Cretaceous, and sources shifted eastward into the more deeply eroded magmatic arc and its metamorphic roof pendants by Late Cretaceous time.
Detrital zircon ages from Lower Cretaceous samples are characterized by a prominent Late Jurassic peak, whereas Upper Cretaceous San Joaquin samples include abundant Late Cretaceous zircon, as well as latest Jurassic-earliest Cretaceous zircon ( Figure 5 ). San Joaquin samples also record a significant decrease in Precambrian detrital zircon in the Late Cretaceous, and the few Precambrian grains in Upper Cretaceous San Joaquin strata are similar in age to those abundant in Lower Cretaceous strata (Figure 6 ), suggesting a consistent source of Precambrian zircon that was diluted by the abundant Mesozoic magmatic zircon as the arc was further exhumed and more deeply eroded.
Lower Cretaceous San Joaquin strata have the most mafic trace element geochemical signature of any GVG samples (Figures 8 and 9) , and may show evidence of significant magmatic differentiation processes controlling geochemical character (Figure 8 ). In contrast, Upper Cretaceous San Joaquin samples record the most felsic geochemical signatures (Figures 8 and 9 ) and contain the lowest abundance of Sc and V, indicative of reduced volcanic input and consistent with the very high Lm/Lv ratio of Upper Cretaceous sandstone. Ɛ Nd values from Upper Cretaceous San Joaquin Valley samples are also more evolved and less variable than Sacramento Valley samples, with Ɛ Nd ranging from −0.7 in the lowermost Upper Cretaceous samples to −5 in the uppermost (Linn et al. 1992) .
The southwestern Sierra Nevada foothills provide an excellent match for the provenance record of the Lower Cretaceous San Joaquin strata. The southwestern Sierran foothills belt includes Early Cretaceous meta-volcanic rocks, including ring dike complexes that may have fed Early Cretaceous arc volcanoes (Clemens-Knott and Saleeby 1999), as well as Upper Triassic to Jurassic meta-siliciclastic turbidites (Saleeby 2011) . The Precambrian detrital zircon age signature from the Kings Sequence (Saleeby 2011 ) is typical of a southern Laurentian signature with a few >1800 Ma grains (after Grove et al. 2008) , and is similar to Precambrian ages in Lower Cretaceous San Joaquin Valley samples (Figure 10 ; Clemens-Knott et al. 2013) . Although much of the Precambrian zircon can ultimately be traced to crystalline basement rocks in northern or southern Laurentia (cf. Grove et al. 2008) , the likelihood of recycling Precambrian grains through Palaeozoic and younger deposits prior to deposition in the Cretaceous forearc basin (Dickinson and Gehrels 2009; LaMaskin et al. 2011; LaMaskin 2012) precludes direct connection between the GVG basin and crystalline basement rocks in the continental interior.
The volcanic carapace fed by ring dikes in the Stokes Mountain region within the southwestern Sierran foothills (Clemens-Knott and Saleeby 1999) may have provided abundant volcanic lithic grains to Lower Cretaceous San Joaquin strata without supplying much Early Cretaceous detrital zircon, as these volcanic compositions likely did not produce much zircon. Moreover, the ring dike complexes were emplaced 123-117 Ma, and have a MORB geochemical signature (ClemensKnott and Saleeby 1999). Although depositional age control on Lower Cretaceous San Joaquin strata is limited (e.g. Rose and Colburn 1963; Linn et al. 1992) , the youngest detrital zircon grains within these samples suggest deposition in the late Early Cretaceous, following development of Early Cretaceous stratovolcanoes and emplacement of associated ring dikes.
By Late Cretaceous time, the volcanic carapace of the southwestern Sierran foothills and western magmatic arc was eroded, and emplacement and rapid uplift of younger plutons to the east resulted in a dramatic shift in sediment character. Upper Cretaceous San Joaquin strata were derived from the rapidly denuding magmatic arc east of the initial 87 Sr/ 86 Sr 0.706 line (Mansfield 1979; Ingersoll 1983) , and the increase in felsic plutonic sources greatly diluted the Precambrian detrital zircon contribution; detrital zircon was mainly derived from the Late Cretaceous arc. Major-and trace element geochemistry effectively documents this shift as well, with only Upper Cretaceous San Joaquin samples showing the most evolved and felsic geochemical signatures.
Translational forearc basin?
Alternatively, changes in GVG provenance signatures may result from translation of much of the GVG forearc from a more southerly location during its earliest history to its current position by middle Early Cretaceous time (Wright and Wyld 2007) . Based on Precambrian detrital zircon ages, differences in deformation and metamorphic histories, and discontinuities within the Lower Cretaceous GVG, Wright and Wyld (2007) proposed at least 500 km offset along a dextral strike-slip fault located within the forearc basin, placing basal GVG strata adjacent to the Mojave-Arizona-Sonora segment of the Mesozoic continental arc and far removed from the Platina strata that form a Lower to Upper Cretaceous overlap sequence on the Klamath Mountains. Wright and Wyld (2007) proposed that translation occurred during Early Cretaceous time and suggest that Cenomanian GVG strata may form an overlap assemblage linking their northern 'Klamath Mountains' GVG basin with their 'Coast Ranges' GVG basin. According to the Wright and Wyld (2007) model, sediment sources of basal GVG strata would be within the Cordilleran Mesozoic arc that intruded southwestern Laurentia, Early Cretaceous strata may record a translational history, and middle and Upper Cretaceous strata would have sediment sources in the Klamath-Sierran arc.
Geochemical results presented here suggest that the Platina, Lower, and Upper Cretaceous strata within the Sacramento Valley record similar sediment sources throughout deposition, and these sources include not only significant compositional variability but also a consistently mafic to intermediate arc source, with possible contribution from ultramafic rocks. These results, combined with abundant volcanic and chert lithic grains in sandstone, detrital zircon ages consistent with Klamath Mountains and northern Sierran sources, and previously published positive Ɛ Nd values, are not consistent with large-scale translation and more southerly sediment sources for the older, non-Platina Sacramento Valley samples. The overlap among Sacramento basin samples indicates that sediment sources remained largely consistent and west of the initial 87 Sr/ 86 Sr 0.706 line. Variability within the provenance signal that is reflected in sandstone petrofacies and detrital zircon ages could have resulted from changing drainage systems as the Cretaceous arc was uplifted and eroded, but does not reflect a trend to more mafic and juvenile sources of the Klamath Mountains and Sierran foothills terranes from the more evolved sources that would characterize a southwestern Laurentian source region.
Lower Cretaceous San Joaquin basin samples may postdate proposed Early Cretaceous translation, but geochemical results from the San Joaquin basin effectively illustrate that even the homogenized provenance signal recorded by geochemistry can reveal significant changes in provenance. The shift from mafic and MORB-like signals with abundant volcanic lithic grains in sandstone, to the most felsic and upper-continental crustal geochemical signal with abundant metamorphic lithic grains in sandstone is consistent with sediment sources shifting from the volcanic-rich western foothills belt during the Early Cretaceous to the deeply eroded plutons of the Cretaceous batholith during the Late Cretaceous. San Joaquin basin Precambrian detrital zircon ages remain consistent through the Cretaceous, even as these older grains were swamped by abundant arc zircon in Late Cretaceous time. Although the ultimate source of much of Precambrian detrital zircon within forearc strata may include basement terranes in southwestern Laurentia, the recycling of these grains through younger Palaeozoic and Mesozoic strata has been documented within terranes of the Sierran foothills belt (e.g. Grove et al. 2008; Saleeby 2011; LaMaskin 2012) , and thus their presence within the GVG forearc basin does not require that drainage systems transported zircon directly from southwestern Laurentian sources.
Conclusions
The robust GVG provenance signatures compiled here document primarily magmatic arc sources throughout GVG deposition. The GVG provenance record does not require sediment sources inboard of the arc at any time during GVG deposition, and even earliest Cretaceous drainage systems may not have traversed the arc to link the continental interior with the margin. The GVG provenance signature is compatible with sediment sources within the Klamath Mountains, the northern and western Sierran foothills, and the main Cretaceous Sierran batholith, suggesting that the Klamath-Sierran magmatic arc may have formed a high-standing topographic barrier throughout the Cretaceous Period.
The southern Sierran batholith was uplifted and shedding sediment into the San Joaquin basin to the west by early Late Cretaceous time, but abundant sediment derived from the Cretaceous batholith in the north did not find its way into the Sacramento basin until latest Cretaceous time. The marked change in the geochemical provenance signature of San Joaquin samples from Early to Late Cretaceous probably reflects a shift from sources in the now-eroded western arc volcanoes of the Sierran foothills largely west of the margin of Precambrian continental crust, to more eastern plutonic rocks and metamorphic roof pendants of the main Cretaceous batholith that intruded into evolved basement close to and east of the Precambrian continental margin. Farther north, the Precambrian continental margin is east of the main Cretaceous batholith. As a result, Upper Cretaceous strata in the Sacramento and San Joaquin basins have distinct geochemical signatures, while Lower Cretaceous strata share a common geochemical signature derived from more juvenile volcanic arc rocks and intruded terranes of the Klamath Mountains and the northern and western Sierran foothills terranes.
The GVG geochemistry documents the presence of significant sediment sources in mafic and non-zircon-bearing terranes of the Klamath Mountains and Sierran foothills terranes, providing a more robust provenance signature than either sandstone petrofacies or detrital zircon analysis alone. Because fine-grained GVG strata comprise a significant part of GVG sediment, geochemistry provides an overall provenance framework within which to interpret sandstone petrofacies and detrital zircon ages. The integrated provenance signature for the GVG throughout the Cretaceous may help constrain proposed links between the main GVG outcrop belt and faulted GVG exposures west of the San Andreas fault system, and strengthen existing links between the forearc and the accreted Franciscan Complex (e.g. Ghatak et al. 2013) .
